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Abstract: 
"Ponds" are surface features that appear to be the result 
of the deposition of finer material on the asteroid's regolith, the 
layer of loose sediment that blankets the entire asteroid. Ponds 
were discovered by the NEAR Shoemaker spacecraft in January, 
2001, on the asteroid 433 Eros. The objective of experimentation 
is to simulate the development of these ponds in the Andromeda 
planetary sciences environmental chamber. 
The Andromeda Chamber offers a unique ability to simulate 
surface environments that occur on Eros. The chamber was used 
to simulate the processes that occur as Eros emits gas through 
its outer surface, including the process of fluidization in which 
the loose soil takes on the properties of a fluid. This was 
accomplished by placing sand with a large particle size 
distribution in the chamber and analyzing the processes that 
occur as nitrogen is forced up through the surface. The amount 
of gas that is emitted, the rate at which it is emitted, and the depth 
of the soil stimulant the gas is passed through were varied. 
Particle size sorting and subsequent pond formations exhibited 
a strong, exponential dependence on flow rate of a gas, as well 
as a linear dependence on the depth of the gas source. 
Introduction: 
Asteroids are material left over from the formation of the 
solar system. One theory suggests that they are the remains of a 
planet that was destroyed in a massive collision long ago. More 
likely. asteroids are material that never coalesced into a planet. 
Much of our understanding about asteroids comes from examining 
pieces of meteorites collected from the surface of the earth. 
Because asteroids are material from the very early solar system, 
they offer a glimpse into the origins of the formation of the solar 
system through analysis of their composition and characteristics. 
The NEAR-Shoemaker(NEAR) mission was designed to 
be the first to observe a near earth asteroid (NEA) in-situ and 
answer many of the questions regarding the characteristics of an 
asteroid. Launched on 17 February, 1996, the NEAR -Shoemaker 
mission was a comprehensive surface characterization of the S-
typenearearthasteroid433Eros.TheNEARmission'sobjectives 
were to determine the physical and geological properties of a 
near-earth asteroid, to clarify relationships among asteroids, 
comets, and meteorites, and to further our understanding of how 
and under what conditions the planets formed and evolved. The 
NEAR mission provided many interesting and exciting 
observations into the characteristics of 433 Eros. Results from 
the mission include a detailed mapping of the asteroid's surface 
and determinations made for its size, shape, rotation rate, mass, 
density and composite ion. 
One of the remarkable discoveries from this mission 
occurred in late January, 2001, when observations revealed the 
development of smooth, distinctive deposits in the depths of 
craters previously formed by impact of a foreign object on the 
surface of the asteroid. These deposits, labeled "ponds" appear 
to be the result of the deposition of finer material separated from 
the upper portion of the Asteroids regolith, the layer of loose 
sediment that blankets the entire asteroid, and emulate 
characteristics of a fluid. 
At the present time no accepted explanation exists for the 
processes that have caused these ponds to form. However, the 
development of these "ponds" does not appear to be random. 
Eros' Ponds are not distributed randomly over the surface of the 
asteroid. Although they do occur at all latitudes, 91% of the 
existing ponds occur within± 30J of the equator [7]. In particular 
there are zones within a few degrees of the equator centered west 
of the long ends of the asteroid, where the gravitational pull is the 
lowest that have distinctly more and larger pond deposits. 
This lack of randomness leads to a search for the explanation 
of how these ponds were formed. Although there are as of yet no 
proven theories on the origin of development of these features, 
~tis tx:lieved that ponds are the result of a fluidization of particles, 
m which the loose particles take on the properties of a fluid and 
subsequent size sorting. It is possible that this process occurred 
as volatiles were released from beneath the surface of 433 Eros 
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and passed through the particles as it proceeded toward the 
surface of the asteroid. The present work described here seeks to 
simulate the processes that occurred as Eros emitted gas through 
its outer surface. 
Experimentation: 
The Andromeda facility, located at the University of 
Arkansas, Fayetteville, is part of the Arkansas-Oklahoma Center 
for Space and Planetary Sciences. Andromeda has been 
specifically established as a planetary/asteroidal surface 
simulation chamber. The chamber was donated by JPL to the 
Center in 2000 and was previously used for experiments in 
mineral-atmosphere interaction on Mars. After refurbishment, 
the chamber was commissioned for planetary simulation work in 
the summer of 2001. 
Current instrumentation on Andromeda includes an 
atmosphere and pore gas sampling system, connected to a 16 port 
multiposition valve, in tum connected to a Varian CP-2000C 
micro-gas chromatograph system. A mass spectrometer will be 
added in the near future. Surface light reflectance is measured 
with a fiber-optic based USB-2000 Ocean Optics UVNisible 
spectrometer, and plans are being drawn up for addition of an 
additional infrared source and IR spectrometer. Illumination is 
provided by a Spectral Energy solar illuminator, equipped with 
space AM-0 and a special "Martian surface" filter assembly. 
Wireless X-10 cameras are used to provide imagery of the 
interior during experiments and their signal is broadcast to either 
VCR units or directly to a computer. 
Andromeda is equipped with atmosphere, temperature, 
and pressure control systems, allowing a broad range of 
environmental simulations. While it is not possible, due to safety 
and instrumentation limitations, to fully simulate ionizing 
radiation environments, facilities will be available for both 90Sr-
based beta irradiation and X -ray irradiation within the chamber. 
A volume of sand measuring approximately 0.04 cubic 
meters of sand was placed inside the andromeda chamber to 
create a depth of0.2286 meters from the surface of the sand to the 
bottom of the sample bucket. A tube connected to a container of 
N2 gas was buried at various rates of depths ranging between 
.0762metersand .2032meters. TheflowrateofN2 was controlled 
by a valve connected to the tank of N2 gas, and ranged between 
.298 rnls and 2.97 rn/s. Experiments were conducted to test the 
dependence of pond formations to depth of volatile source and 
flow rate of volatile through the bed of particles, and a wireless 
camera system was used to observe the fluidization process as it 
took place. 
Results: 
The first set of experiments was designed to determine the 
dependence of pond formation on depth of volatile source. This 
was accomplished by burying the tube connected to the tank of 
N2 gas at multiple depths while the flow rate of gas was kept 
constant. The resulting pond formations on the surface of the 
sand were then observed and measured. The resulting data 
displayed a linear dependence of pond formation versus depth 
(Figure 9). 
The second set of experiments was designed to determine 
the dependence of pond formation on flow rate of volatile 
through the bed of particles. This was accomplished by burying 
the volatile source at a constant depth while the flow rate of N2 
gas through the bed of particles was varied. The resulting data 
displayed an exponential dependence of pond formation versus 
flow rate at constant depths of .0762 meters and .2032 meters 
(Figure 10, Figure 11). 
The radius of pond formations was measured after each 
experiment to determine the surface area that each encompassed. 
Due to the inability to distinguish an outer limit of size sorting of 
several of the pond formations, small pebbles were scattered 
along the surface in order that the outer limit was more easily 
determined. 
Discussion: 
Although there are as of yet no absolute theories on the 
mechanism for pond formation, two theories have been decided! y 
the best to date with the third presented here. 
Photoelectric size sorting and seismic agitation from impact 
are two present theories describing the mechanism for pond 
formation. 
I. Photoelectric size sorting 
Mark Robinson, a geologist at Northwestern University 
and member of the NEAR-Shoemaker team, believes that the 
"ponds" geography is consistent with some of the predicted 
aspects of photoelectric sorting [7]. Photoelectric sorting is 
caused when radiation causes sediments in one area to all 
become equally charged. This causes the sediments to repel one 
and sort dependent on size, causing electrostatic levitation. 
Photoelectric sorting was first observed by Surveyor-7 along the 
western lunar horizon as a result from the forward scattering of 
sunlight by electrically charged dust grains. However, the 
transport and depositional mechanisms of this process are not 
well understood. Also this process does not explain why granular 
material should fall back into gravitational lows, nor does it 
explain why the surfaces of ponded deposits should be 
gravitationally level, to such an extent that sharp boundaries 
develop. Therefore, this theory cannot alone explain the 
mechanism of pond formation. 
II. Seismic agitation from impact 
A.F. Cheng et al. propose a simple model of seismic 
agitation from impacts to account for pond formation on Eros, 
based upon observations of 433 Eros from the NEAR mission 
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[3]. Large ponds on Eros are found preferentially in an equatorial 
belt near the ends of the elongated asteroid, where seismic 
shaking after impacts may have greatest amplitude. A dry, 
granular material can exist in a stable condition when in a slope 
below the angle of repose, but can become mobilized by agitation 
to create a debris flow. The Cheng et al. model invokes a 
continued interaction of boulders with a consolidated substrate 
during shaking to induce a relative motion between fine granular 
materials and the boulders, because the boulders can move 
downslope only to a limited extent compared with fines. Boulders, 
as defined in the model, represent a material with a size large 
enough to rest upon the consolidated substrate and to protrude 
above the shallow layer of consolidated fines. The model invokes 
gentle shaking that causes slope failure without tossing the 
boulders a large distance. It predicts a terrain where topographic 
highs appear to have a larger population of boulders; whereas, 
topographic lows appear smoother because they become filled 
with fine particulates and many of the boulders are covered. 
111. Fluidization of Particles by Surface Degassing 
The third theory on the mechanism of pond formation, 
presented here is pond formation upon degassing of the asteroid 
that occurs when gas is released through the surface. The flow of 
gas through these depositions as they move toward the surface 
may cause a fluidizing mixture of the sediments, therefore, they 
contribut to the processes that govern the formation of these 
"ponds' . 
Particle sorting can arise after fluidizing mixture of granular 
materials. The degree of separation depends on material properties 
of the granules such as size, density, shape and particle resilience 
(I]. The greater the differences in the particles the more efficient 
the separation becomes. For fluidized systems in which a gas is 
passed upward through a bed of particles, the separation of 
granules depends upon the relative gas drag experienced by each 
particle. When the gas reaches a minimum fluidization velocity, 
the bed attains fluid-like characteristics, and the particulate 
solids are free to move according to their physical properties. In 
general, larger and heavier particles tend to settle out of a gas 
stream before smaller and lighter particles. This type of 
segregation is an important aspect of many processes in 
engineering and geophysics. 
IV. Absolute Mechanism of Pond Fonnation 
Each of the present theories does not absolutely explain the 
mechanism of pond formation. Each neglects certain facts of the 
characteristics and distributions of ponded deposits on 433 Eros. 
Photoelectric size sorting as a mechanism for pond 
formations leaves many questions unanswered. The particle size 
fraction that can be levitated on an asteroid is not certain, as it 
depends on poorly known characteristics such as particle shapes, 
electrical resistivity, and photoelectron yields [7]. Also small 
particles may simply be ejected with a velocity greater than the 
escape velocity of 433 Eros. Since the dominating charging 
currents are photoelectric and solar wind, which have shallow 
penetration depth, single charging episodes can levitate at most 
only a monolayer of grains [5]. Once levitated, these grains must 
not fall back randomly over the surface but must return to the 
surface in gravitational lows, guided by electrostatic forces. This 
sequence must happen repeatedly to build up meter-thick deposits 
in ponds. Electrostatic levitation can not alone explain why 
grains should fall back into gravitational lows, nor can it explain 
why the surfaces of these deposits should be gravitationally 
level, to such an extent that sharp boundaries develop. 
Seismic agitation from impacts neglects the destruction of 
pond formations while predicting that impacts create fluidization 
of sediments causing ponded deposits. While it has been proven 
experimentally that seismic shaking will induce a particle size 
sorting in a bed of sediments, a certain frequency is required to 
do so. Impacts near formed ponds will cause the sediments to 
redistribute in a chaotic manner. This neglects the distribution of 
ponded deposits on 433 Eros, as they are distributed in a manner 
very near to each other. However, the ponded deposits are not 
close enough, as one impact would form all in the distributed 
area. Thus, Seismic agitation cannot absolutely explain the 
existence of ponded deposits and their distribution on Eros. 
Fluidization of particles by surface degassing also leaves 
distribution characteristics of ponded deposits on Eros 
unexplained. Ninety-one percent of the existing ponds occur 
within± 30f of the equator [7]. This would mean that a large vein 
of volatiles would have had to lie beneath the surface of 433 Eros 
along this area. Also, the fact that the ponded deposits on Eros 
would have had to been formed in the early stages of the asteroids 
creation leaves many speculations as to the characteristics of 
Eros in its early stages of development. 
It seems as if there may have been a combination of 
photoelectric size sorting, seismic agitation, and fluidization by 
degassing as the mechanism for pond formation. Each theory 
alone cannot account for all of the characteristics of pond 
formations on 433 Eros. However, when combined, they are able 
to describe all observed characteristics. 
Conclusion: 
Experimentation showed that it was possible to induce 
particle size sorting by fluidization of a bed of particles in a 
degassing process. The size of the resulting ponds depended 
heavily upon depth of a volatile source and the flow rate at which 
a gas was passed through the bed. 
Depth of source as related to resulting pond formation 
appears to be a linear regression. The data predict that as the 
depth of a volatile source is increased, the resulting pond will 
decrease in size. There also appears to be a range of depth for 
which a pond will be formed. At too shallow of a depth, or too 
great, no pond will appear. Instead, there will either be a chaotic 
3
Thompson: Stimulation and Modeling of Pond Formations on the Asteroid 433 E
Published by ScholarWorks@UARK, 2002
CHEMISTRY and BIOCHEMISTRY: Justin Thompson Pond Fonnatio11s 011 the Asteroid 433 Eros 145 
mixing in the case of hallow depth or no pond formed at all in 
the case of too great of a depth. 
Formation of ponded depo its eem to depend more 
heavily on the velocity at which a gas is released through a bed 
of particle . The data ugge t that flow rate governs the area 
covered of the pond at any depth. There i a omewhat linear 
progre ion in flow rate versu area of the resulting ponded 
depo it. There i however a minimum velocity required to begin 
any fluidization proce in a bed of particles, as observed during 
experimentation. Experimentation al o predict a range in which 
fluidization will cea e to take place in a ratio with the depth of the 
source. 
The data gathered from the e experiments suggest that it 
was possible that ponded deposits on Ero. 433 were the result of 
a fluidization process cau ed by degassing of a volatile through 
a bed of particle . However, this does not seem to be an absolute 
explanation as to the existence of ponded deposits on Eros 433, 
nor do any other theories presented to date. It eems as if there 
may have been a combination of eismic agitation and fluidization 
by degassing as the mechani m for pond formation as a result of 
the data gathered and ob ervation of the urface of 433 Eros. A 
greater amount of tudy into the di tribution and characteristics 
of ponded depo its may provide a more complete explanation as 
to the mechani m of their creation. 
Figure 1. A view of 433 Eros from tire NEAR-Siromu~ker sp~~Ucraft. 
(http;//yar.ilruapl.edulindex.lrtml) 
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Figure 4. The Andromeda Laboratory. 
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Figure?. ExperimentalpondformatiimF/ow Rate (Meters/Second) 
Figure 8. Experimental pond .fonrwtiim. 
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Flow Rate Radius of Pond 
( Meters/Second ) (Meters) Constant Depth (Meters) 
2.97 0.0476 0.2032 
1.49 0.0381 0.2032 
1.19 0.0225 0.2032 
0.762 0.0176 0.2032 
0.298 0.0191 0.0762 
0.495 0.1016 0.0762 
0.762 0.1271 0.0762 
1.49 0.1524 0.0762 
Table 1. Pond Radius at Constant Depth. 
Depth of Source Radius of "Pond" Constant Flow Rate 
(Meters) (Meters) (Meters/Second) 
0.051 0.0221 0.298 
0.076 0.0191 0.298 
0.102 0.0157 0.298 
0.127 0.0131 0.298 
0.139 0.0122 0.298 
0.152 0.0112 0.298 
0.165 0.0098 0.298 
0.203 0.0076 0.298 
Table 2. Pond Radius at Constant Flow Rate. 
Figure 9. Depth of Source vs. Radius of Pond at a Constant Flow Rate. (.2032 meters) 
0.18 .....----------------, 
0.16 
0.14 
0.12 
~ 0.05 -r--------------, 
0.1 
0.08 
0.06 
0.04 
- 0.02 
0+-----~~----~------~-----4 
0 0.5 1.5 2 
Flow Rate (meters/second) 
Figure 10. Flow Rate vs. Radius of Pond at Constant Depth (.0762 
meters). 
~ ...... 0.04 
Ill 0 ; 0.03 
.. ~ E o.o2 
:c - 0.01 
~ 0-t---....... --...... ----r-----l 
0 2 3 4 
Flow Rate (meters/second) 
Figure 11. Flow Rate vs. Radius of Pond at Constant Depth (.0762 meters). 
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Faculty Comments: 
Mr. Thompson's faculty are very enthusiastic about the 
quality and value of his work. Professor Benoit made the 
following remarks: 
Mr. Thompson is an excellent, bright young student. 
I have worked with him for almost a full year during 
his summer work as a NSF REU summer researcher 
and continuing through the Fall and Spring semesters 
as a researcher. During that time, he has worked on 
several major projects, verging on the scale of graduate 
work, while carrying a full load of classes in physics. 
On a personal level, Mr. Thompson is affable and gets 
along with just about everyone. He bubbles with 
enthusiasm over his work. I think you will find him an 
excellent representative of our advanced 
undergraduates. 
Professor Kracher, who worked with Mr. Thompson at the 
Center for space and Planetary Sciences, had the following to 
say: 
This letter is in support of Justin Thompson who is 
submitting an article for Inquiry. Mr. Thompson is 
working in the Arkansas--Oklahoma Center for Space 
and Planetary Sciences. I am research assistant 
professor in the same institution. 
Mr. Thompson has been working with the Andromeda 
chamber, a facility to simulate the conditions on other 
planets and asteroids. In particular he has been doing 
research on the formation of features that were 
discovered by the NEAR Shoemaker spacecraft on 
the asteroid Eros. These features, referred to as 
"ponds," apparently consist of sharply delineated 
areas of fine-grained material that are found in certain 
craters. Mr. Thompson has used his background in 
mathematics to develop models that improve our 
understanding of the formation of these ponds. He 
has also collaborated on experiments in the Andromeda 
chamber to simulate pond formation and test the 
mathematical models. 
Mr. Thompson has a good understanding of the 
principles of scientific research and is able to work 
independently. His grasp of mathematical modelling 
has enabled him to make valuable contributions to the 
research efforts of the Center, particularly the 
modelling of pond formation on Eros. He has recently 
attended the Lunar and Planetary Science Conference 
in Houston, where a poster contribution, on which he 
was a co-author, was presented. Mr. Thompson is 
planning to pursue his work in space science research. 
Professor Derek Sears also worked with Mr. Thompson. 
He said ... 
Mr. Thompson was an REU student in our group last 
summer, and he worked on some preliminary 
experiments on dating sediments by their optical 
luminescence. He enjoyed the work, which required 
considerable field work with little supervision from 
me. He did the work in a competent and responsible 
fashion and made a poster presentation at the end of 
the summer. He impressed me sufficiently that I 
invited him to join the group on a permanent basis, 
and he is now involved with the Andromeda 
environmental chamber research, investigating the 
surface processes on asteroids. In this connection, he 
has just returned from the Lunar and Planetary Science 
Conference in Houston. Mr. Thompson is a bright and 
enthusiastic undergraduate student with a natural 
flare for research and an extremely good ability to 
work on a team. His enthusiasm is infectious. 
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